Attachment of donor cells to microcarriers has been reported to make them more tolerable for transplantation into the brain. Human retinal pigment epithelial (hRPE) cells have been previously reported to contain enzymes for the production of dopa. Therefore, we examined the host immune response and behavioral effects of xenotransplantation of hRPE cells attached to microcarriers (hRPE-M) into the striatum of unilateral dopamine-depleted rats. Thirty-four adult rats were lesioned with 6-OHDA injections into the medial forebrain bundle on the right side. After 5 weeks of testing for apomorphine-induced rotations (AIR), animals were randomized for right striatal surgery into the following four groups: hRPE-M (group 1), hRPE alone (group 2), microcarriers alone (group 3), or needle tract alone (group 4). Following surgery, animals were tested for AIR every 4 weeks for a period of 12-18 weeks and thereafter euthanized. There was a significant reduction in AIR scores posttransplantation in all groups of animals in the initial observation points at 4 weeks and 8 weeks. However, there was a gradual return to baseline scores in groups 2, 3, and 4 animals at 12 weeks and at 18 weeks only group 1 animals had statistically significant (p = 0.001, repeated measures ANOVA, means comparison, predetermined contrasts) reduction in AIR scores. Brain tissue from representative animals from each group was cut into 30-µm coronal sections, stained for cresyl violet, tyrosine hydroxylase (TH), and markers for host immune activation. Sections through the striatum from group 1 animals revealed microcarriers with attached cells resembling RPE cells. No evidence of transplanted hRPE cells could be detected in sections from group 2 animals while those from groups 3 and 4 animals showed microcarriers and a needle tract alone, respectively. There was no host TH-immunoreactive sprouting response in the striatum in any of the groups and the host immune response was minimal. These results suggest that intrastriatal hRPE-M xenotransplantation into rats is well tolerated without systemic immunosuppression and that such transplants may provide behavioral benefit for parkinsonism.
INTRODUCTION
cally significant improvement after FM tissue transplantation requires simultaneous transplantation of tissue from Transplantation of dopaminergic (DArgic) cells into several fetuses of the appropriate maturity into the striathe denervated striatum is an experimental approach to tum. This large fetal tissue requirement and the need to overcome the disadvantages of medications used in the use the tissue within a short time after procurement limtreatment of Parkinson's disease (PD). Allogenic fetal its the use of human FM DArgic tissue transplantation mesencephalic (FM) tissue transplantation has been to to a few patients. Hence, alternate human and animal date the most successful DArgic cell transplantation apcells/cell lines that can be obtained easily in large quanproach for the treatment of PD. These studies have been tities, secrete DA or DA precursors, survive well after recently reviewed (14) . However, a multicenter placebotransplantation, and do not require systemic immunosupcontrolled study completed this past year demonstrated pression are currently under investigation as potential that the modest improvement in parkinsonism was acsources of cells for transplantation in PD patients (14) . companied by significant adverse events in a few pa-Human retinal pigment epithelial (hRPE) cells are tients despite good survival of transplanted FM tissue support cells in the inner layer of the retina adjacent to (6) . In addition, it has been shown that sustained clinithe photoreceptor layer. They are reported to function 208 SUBRAMANIAN ET AL.
as nutritive, phagocytic, and trophic cells to the retina. Data were collected for 30 min from each rat. Each session was separated by at least 48 h. Rats that demon-RPE cells form tight junctions and therefore may directly contribute to the blood-retinal barrier (9, 12) . RPE strated circling of >240 turns/30 min on three consecutive sessions were randomized into four groups balanced cells have been reported to contain tyrosinase (5) and tyrosine hydroxylase (TH)-like activity (13). hRPE cells for AIR scores: group 1, hRPE cells attached to microcarriers (N = 8); group 2, hRPE cells alone (N = 8); harvested from late embryonic stages grow well in tissue culture for several generations, retaining their melanin group 3, microcarrier alone (N = 7); group 4, needle insertion followed by injection of Hanks balanced salt so-pigment, and form monolayers with a typical cobblestone appearance characteristic of RPE cells (1) . This lution (HBSS) control (N = 11). Posttransplantation AIR testing was performed periodically as described above property of hRPE cells permits easy expansion of tissue cultures to obtain large quantities of donor cells and ex-beginning on week 4 posttransplant until animals were euthanized at 12-18 weeks posttransplant. tensive testing for purity.
Attachment of donor cells, including hRPE cells, to microcarriers has been reported to enhance cell sur-hRPE Isolation and Cell Culture vival and diminish the need for immunosuppression for Eyes from human fetuses (age 17 weeks) were obcell transplants into the brain (2) (3) (4) 11) . Therefore, we tained from Advanced Biological Resources (Alameda, tested the hypothesis that intrastriatal xenotransplanta-CA). The hRPE cells were harvested using commonly tion of hRPE cells attached to microcarriers (hRPE-M) used cell culture methods (1) . Briefly, the sensory retina in parkinsonian rats does not provoke a host immune was removed to expose the RPE monolayer, which was response, while ameliorating parkinsonian behavioral detached from the underlying matrix by careful dissecdeficits.
tion and dissociated with trypsin for 10 min. The reaction was stopped with FCS and the cell suspension cen-MATERIAL AND METHODS trifuged for 5 min at 20°C at 1000 × g and then placed Animals in a mouse laminin-coated (1.0 µg/ml) T-25 cell culture Thirty-four male Sprague-Dawley rats (Charles River) flask. The flask contained 10 ml of DMEM/F12 + 10% weighting 275-325 g were housed singly in stainless FCS (complete RPE medium). The hRPE cells were steel, wire mesh bottom cages with ad libitum access to grown to confluence, passaged ×4, harvested by trypsinfood and water. A 12-h light/dark cycle was maintained.
ization and mechanical agitation, and frozen in cryovials Animal housing and care were in accordance with the (7.5% DMSO, 20% FCS, DMEM/F12) prior to attach-Public Health Service Policy on Humane Care and Use ment to microcarriers and cell transplantation. of Laboratory Animals. All procedures were approved by the appropriate Institutional Animal Care and Use hRPE Cell Attachment to Microcarriers Committees.
Dry microcarriers (500 mg, Cytodex 3, Sigma, St.
6-Hydroxydopamine (6-OHDA) Lesions
Louis, MO) were hydrated in 50 ml of dextrose-phosphate-buffered saline (D-PBS), for 1 h and then auto-Rats were anesthetized with sodium pentobarbital (60 claved (120°C, 15 min). Sterile microcarriers were remg/kg, IP) and received a unilateral stereotaxic injection suspended to give a concentration of 2.4 × 10 5 beads/ml. of 6-OHDA [10 µg in 4 µl ascorbate saline into the right Cryopreserved hRPE cells were rapidly thawed in a mesostriatal pathway (AP −4.4 mm, L −1.5 mm from 37°C water bath and resuspended in fresh complete RPE bregma, DV −7.7 mm from dura; toothbar set to −2.4 medium to give a final concentration of 2.4 × 10 7 cells mm)]. The 6-OHDA solution was delivered at a rate in 10 ml. These cells were gradually mixed with the 0.1 µl/min with a Hamilton syringe through a 26-gauge microcarriers in 1-ml aliquots over a 1-h period in a 50needle. Following injection of 6-OHDA, the needle reml polypropylene tube. The air in the tube was flushed mained in position for an additional 5 min prior to withwith 95% O 2 /5% CO 2 ; the tube was tightly sealed and drawal. Rats were returned to their home cage after full placed in an incubator (37°C) for 24 h. Nonattached recovery from the anesthesia. cells were separated from the hRPE cell/microcarrier Behavioral Testing mixture by gentle washing with sterile PBS and sedimentation. The hRPE cells attached to microcarriers were Three weeks after lesioning each rat was tested for apomorphine-induced rotations (AIR) behavior using an then cryopreserved as described above. Cells treated in this manner were assessed for viability using the trypan automated rotometer (San Diego Instruments, San Diego, CA). Each rat received an injection of apomorphine HCl blue exclusion method. The results showed consistent >80% viability giving an approximate ratio of 5-8 cells/ (0.2 mg/kg, SC) and was placed into the apparatus. Data collection was initiated after a 5-min habituation period.
bead in the mixture.
Transplantation at 4°C for 72 h in polyclonal antibodies against TH (1: 500, Eugene Tech). Sections were then washed in BS Under aseptic conditions and pentobarbital anesthesia and treated with biotinated goat anti-rabbit IgG secondequal volume (4 µl) of RPE cells attached to microcarriary antibody (CHEMICON, Temecula, CA) for 60 min. ers (group 1), hRPE cells alone (group 2), microcarriers
The reaction product was enhanced and visualized using alone (group 3), or HBSS (group 4) were implanted into a Vector ABC kit and DAB (Sigma). Sections were the right striatum (AP 1.5 mm, L −2.0 mm from bregma; mounted on gelatin-coated glass slides, counterstained DV −5.0 mm from dura; toothbar set at −3.3 mm). Cryowith cresyl violet, and dehydrated through ascending alpreserved vials of hRPE cells attached to microcarriers cohols and defatted before being coverslipped. Adjacent were rapidly thawed in a water bath (37°C), washed in sections containing needle tracts were stained for host sterile HBSS to remove cryopreservative, and allowed immune markers using protocols that we have preto settle by gravity (3 min × 2), and resuspended in 1. 5 viously published (15) . ml of sterile HBSS prior to transplantation. The esti-Briefly, this consisted of the following steps: After mated ratio of cells to beads in group 1 animals was pretreatment with 0.3% hydrogen peroxide for 1 h to 1000 cells/150 beads in 4 µl volume. hRPE cells for neutralize endogenous peroxidase activity and with 10% transplantation into group 2 animals were also prepared horse serum for 1 h to minimize nonspecific binding of using an identical technique. These group 2 animals rethe primary antibody (Ab), sections were incubated ceived approximately 1000 cells in 4 µl volume. An overnight at 4°C with the following Abs diluted in 10% aliquot of 150 cytodex microcarriers in 4 µl volume prehorse serum: 1) OX6, a mouse monoclonal Ab (mAb) pared as described above was used in group 3 animals against rat MHC class II antigen (Accurate Chemical and 4 µl of sterile HBSS was used in group 4 animals.
Company, Westbury, NY), 1:40 dilution; 2) OX18, a All preparations used in each of the groups were kept in mouse mAb against rodent MHC class I antigen (Accua 4°C ice bath until actual transplantation was performed rate), 1:200 dilution; 3) OX42, a mouse mAb against (30-120 min). microglia (Accurate), 1:2 dilution; and 4) anti-GFAP, a The material for each transplant was drawn into a 10rabbit polyclonal Ab against glial fibrillary acidic proµl Hamilton syringe that was preloaded with 5 µl of tein in astrocytes (Dakopatts), 1:1000 dilution. The secsterile HBSS. The material was then injected manually tions that were treated with mouse primary Abs were through a 22-gauge 1.5-inch beveled hypodermic needle then washed with PBS, incubated at room temperature over 5 min through a burr hole placed at the appropriate for 2 h with a goat anti-mouse IgG Ab, which had been stereotactic coordinate. Dura was not separately incised.
preadsorbed to rat IgG (American Qualex International, After completing each injection the needle was held in Inc.), and washed again in PBS. Sections treated with position for an additional period of 5 min prior to withrabbit primary Abs were incubated in anti-rabbit IgG drawal. After hemostatsis was achieved, the wound was ABC kit (Vector Labs). The reaction product was enclosed and the animal allowed to recover in the home hanced and visualized using a Vector ABC kit and DAB cage.
(Sigma). Sections were then mounted, dehydrated in Histology graded concentrations of alcohol, defatted, coverslipped, and examined by light microscopy. Sections from all Rats were deeply anesthetized with pentobarbital and four groups of animals were simultaneously processed euthanized by sequential transcardial perfusion with hepaby a histologist who was unaware of the nature of transrinized saline (37°C) and then with cold periodateplants in each group of rats. lysine-paraformaldehyde (4°C) fixative as described by McLean and Nakane (10) . Brains were removed and Statistical Analysis cryoprotected for 24 h in 30% sucrose in PBS. Coronal AIR data were analyzed using repeated measures sections (30 µm thick) were made through the mesen-ANOVA, means comparison with predetermined concephalon. Every eighth section was stained with cresyl trasts using STATVIEW and SUPERANOVA (Niles violet to localize the graft and to demonstrate cellular Laboratories, San Diego). Both between-group effects morphology. Adjacent sections were processed for imand within-group effects were examined. munohistochemistry.
RESULTS

Immunohistochemistry
Safety Sections were pretreated for peroxidase activity using 0.3% hydrogen peroxide in methanol for 30 min, washed All animals that were transplanted survived the procedure and the entire period of behavioral testing after with BS, and then transferred into a medium containing 10% goat serum in PBS with 20 mM of lysine for 60 transplantation. No clinically apparent morbidity was detected in any of the animals. min. Thereafter, selected tissue sections were incubated Behavior groups of animals ( Fig. 2A, right striatum) . There was no evidence of host TH fiber sprouting in the striatum AIR scores pretransplant among the four groups did ( Figs. 2 and 3 ). Striatal sections from group 1 animals not show any statistically significant differences, indirevealed bead-like structures intermixed with hemosidcating that the groups were balanced for AIR scores and derin in the needle tracts (Figs. 2D and 3D, solid black randomized. There was a significant reduction in AIR arrows). In group 1 animals, these bead-like structures scores posttransplantation in all groups of animals in the had round dark cells that appeared to resemble hRPE initial observation points at 4 weeks and 8 weeks ( Fig.  cells in culture (Fig. 3D, white arrows) . DAB reaction 1). However, there was a gradual return to baseline product from immunohistochemical stains for TH apscores in groups 2, 3, and 4 animals at 12 weeks, and at peared to stain both the cells and the bead-like struc-18 weeks only group 1 animals had statistically signifitures. The brownish DAB product could not be distincant (p = 0.001, repeated measures ANOVA, means guished from the native melanin that is normally present comparison, predetermined contrasts) reduction in AIR in RPE cells (unstained tissue sections). Additional stainscores. Group 3 (microcarriers alone) animals were euing techniques using alternate chromogens were also atthanized at week 14 so direct comparison of AIR scores tempted to clearly distinguish possible TH immunoreacfrom this group to group 1 animals could not be made tivity in the hRPE cells attached to beads. However, at week 18. Analysis of AIR scores at week 18 was an these techniques also resulted in staining the cells and ANOVA between group 1 (hRPE-M), group 2 (hRPE the beads with the same intensity (e.g., fluoresent markalone), and group 4 (needle tract with HBSS) (F = ers). Sections from group 2 animals had needle tracts 4.631, p < 0.02). The ad hoc Fisher test at week 18 with no evidence of surviving RPE cells (Figs. 2B and showed group 1 significantly different from group 4 (p < 0.006). Group 2 was not significantly different 3B). Sections from group 3 animals revealed needle from group 4. Group 1 was not significantly different tracts that contained profiles resembling cytodex beads from group 2 in this analysis.
without any attached RPE-like cells (Figs. 2C and 3C , black arrows). Sections from group 4 animals had needle Histology tracts alone (Fig. 3A ). There were a few isolated rounded nucleated cells that stained with cresyl violet Histology was performed by investigators blind to the around the needle tracts in all 4 groups of animals (Fig. nature of transplants to avoid any potential bias in the 3). However, staining with specific markers for immune interpretation. Injection needle tracts were accurately markers did not show any evidence of upregulation of placed in all four groups of animals into the striatum the host immune response. Immunohistochemical stains ( Fig. 2A, right striatum) . TH immunostaining revealed a prominent unilateral denervation of the striatum in all through adjacent sections containing the transplant sites revealed minimal GFAP-positive astroglial reaction in using the 6-OHDA model of PD. AIR is considered as and around hRPE-M transplant (Fig. 4A ). Staining for a reliable behavioral test to measure the relative imbalrat anti-MHC class I antigen (OX-18, not shown) and ance of dopaminergic function between hemispheres in anti-MHC class II antigen (OX-6, Fig. 4C ) was not dehemiparkinsonian rats. The sustained improvement in tectable. Immunostaining against activated microglia AIR scores in group 1 animals indicates that there is (OX-42) was also undetectable (Fig. 4B ). All immunopartial amelioration of dopaminergic deficiency in the staining was performed simultaneously with appropriate denervated striatum in these rats. There was no histonegative and positive controls (an example is shown in logical evidence of host dopaminergic sprouting as de- Fig. 4D ).
termined by TH-immunoreactive fiber staining in the striatum in all four groups of animals. Therefore, it is DISCUSSION unlikely that host dopaminergic sprouting played a role This is the first study to demonstrate histological eviin the transient reduction of AIR scores noted in all anidence of a lack of host immune response to xenotransmals. Moreover, AIR scores showed a trend towards replantation of hRPE cells attached to microcarriers into turning to the presurgery values in all three control hemiparkinsonian rats. We have previously reported the groups (groups 2-4), which did not happen with group behavioral results in an abstract (11). The present report 1 animals (hRPE-M). This suggests that hRPE-M transelaborates on the behavioral analysis and correlates the plantation into the striatum has a specific and persistent results with the histology. We show that hRPE-M xenopositive effect of reducing AIR scores in hemiparkinsontransplants into the denervated striatum of rats produce ian rats. The exact mechanism through which hRPE-M a sustained statistically significant improvement of AIR transplants ameliorate AIR is not clear. RPE cells have when compared with needle sham surgery. Improvebeen shown to secrete a number of biologically active ments in other groups were transient and such a transient improvement has been reported by other investigators substances. RPE cells have the enzymatic machinery for the production of melanin. Dopa is a common substrate with the same result because the bead takes up the chromogen as much as the cells. We are currently investigat-for the production of dopamine and melanin. hRPE cells have been reported to secrete dopamine (2, 8, 16) . There-ing methods to prelabel the cells such that they can be detected on the beads without using any immunohisto-fore, it is possible that hRPE cells secrete dopamine into the striatum, resulting in the reduction of AIR scores. chemical techniques. We have no quantitative estimate of the surviving hRPE cells at the transplant site. We We did not perform any additional behavioral tests besides AIR in this pilot study. Additional behavioral stud-implanted approximately 1000 hRPE cells attached to 150 beads in each of the group 1 animals. Implantation ies to evaluate limb bradykinesia and dexterity may be useful in this context. We are performing such studies of >1000 hRPE cells attached to beads could possibly produce a more robust behavioral response. Future stud-in the nonhuman primate model of Parkinson's disease (16) .
ies are planned to address this issue. Examination of the transplant sites from group 2 ani-Histological examination of the brain suggests that hRPE cells attached to microcarriers survive within the mals did not reveal any cells that resembled RPE cells. This result suggests that hRPE cells not attached to mi-transplant ( Figs. 1D and 2D) . However, the techniques we used did not permit us to definitively identify TH crocarriers do not survive in this xenotransplantation paradigm. Data from other experiments suggest that at-or any RPE-specific marker (e.g., CRALBP or RPE-65) immunoreactivity in the hRPE cells on the beads be-tachment of cells to microcarriers improves cell survival following neural transplantation. However, the mecha-cause of the intense staining of the beads with the chromogen and the presence of natural melanin pigment nism for this effect is not clear. Regardless of the mechanism, we show in this study that the host immune re-within the cell. We have explored immunostaining with alternate chromogens that give a different color (e.g., sponse as detected by immunohistochemical staining against rat activated microglia (OX-42), MHC class I Vector VIP, florinated second antibodies) and came up (OX-18), MHC class II (OX-6), and astrocytes (GFAP) This result suggests that attachment of hRPE cells to microcarriers provides these cells the ability to either was minimal or absent 18 weeks after transplantation of hRPE-M cells into the rat striatum. Staining done on suppress the initiation or overcome host immune response to the xenotransplantation. brain tissue sections from animals in groups 2 and 3 (euthanized at 14 weeks) and group 4 also did not show Currently available cell transplantation therapies for PD have limitations because of scarcity of suitable high-any evidence of a host immune reaction. We compared the immunostaining from these animals with sections quantity donor tissue, need for systemic immunosuppression, poor survival of transplanted cells, and the obtained from rats xenotransplanted with primate fetal lateral ganglionic emminance (LLGE) into the subtha-technical skills needed to dissect appropriate tissue. hRPE cells can potentially overcome these limitations lamic nucleus without immunosuppression and euthanized after 3 weeks of survival. We have shown pre-because hRPE cells for transplantation can be extensively tested for adventitious agents and primary donor viously that rejection of retinal tissue xenotransplants into the brain and the resulting destruction of the graft cells and can be expanded such that large quantities of cells are available for transplantation. The purity of is complete within 4 weeks of initiation of a rejection response (7, 15) . In a nonimmunosuppressed adult rat the hRPE cells to be transplanted can be verified and dispensed to multiple locations for transplantation. Addi-host immune response to a xenotransplant into the brain is typically initiated within 2 days of the transplant and tional behavioral, histochemical, and cell biology studies are ongoing to better define the antiparkinsonian effects the complete destruction of the xenotransplant occurs within 30 days of transplantation. Our results suggest of hRPE-M transplants and to delineate their mechanism of action. The results from the present study suggest that that hRPE-M xenotransplants survive for 18 weeks without immunosuppression and that there is no detectable hRPE-M allografts in patients with Parkinson's disease are likely to be well tolerated and may potentially pro-evidence of a host immune reaction to such transplants. 
